The feasibility of incorporating chemical-looping combustion (CLC) into a combined cycle power plant is explored. We propose a model-based framework to optimally design the cycle strategy for a CLC system, composed of multiple fixed bed reactors. The CLC reactor system is optimally integrated with the downstream gas turbine of a combined cycle power plant, by solving a dynamic program to optimize the temperature profile of the heat removal step out of each reactor, with constraints on the system performance during reduction and oxidation. We demonstrate the feasibility of fixed bed CLC systems to achieve different exhaust temperatures, using synthetic Cu-and Ni-based oxygen carriers. The optimal operating strategy is scaled-up to a system of fixed bed reactors operating in parallel. We show that through process optimization, the batch-operation of fixed bed CLC reactors is void of significant exhaust gas temperature fluctuations and can reach high thermal efficiencies with in-situ CO2 capture.
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Introduction
The increasing concentration of CO2 in the atmosphere is a major contributor to global climate change. 1 Carbon capture and sequestration (CCS) is a promising, short-term solution to control CO2 emissions from fossil-fueled power generation, often with a high energy penalty. [2] [3] [4] Chemical-looping combustion (CLC) is a promising option to reduce the cost of CO2 capture from oxidation of hydrocarbon fuels, in a two-step process that produces a pure stream of CO2, ready for compression and sequestration. 3, [5] [6] [7] [8] [9] In CLC, a solid oxygen carrier, in the form of metal oxides, is used to transfer oxygen from air to combust the fuel. Since the fuel is not mixed with air, separation of CO2 is inherent to the process.
The main application of CLC will be in the power generation sector. Among the most energy efficient power cycles is the combined cycle power plant (CCPP), which is an arrangement of a gas turbine with a steam cycle. Combined cycles offer the advantage of high efficiencies, reduction in pollutant emissions, low capital and maintenance costs, and compatibility with natural gas and coal feedstocks. [10] [11] [12] [13] In the natural gas fired combined cycle (NGCC), clean natural gas is combusted with air at high temperature and pressure in a gas turbine, producing electricity. Waste heat from the exhaust is then recovered through generation of high pressure steam, which powers steam turbines to produce more electricity. The exhaust gas contains CO2 and steam, diluted in N2 from the combustion air. To separate the CO2 from the N2, solventbased absorption methods are usually preferred and afterward, the CO2 is cooled and compressed to supercritical conditions. 13, 14 Coal fired processes use the integrated gasification combined cycle (IGCC), wherein a synthesis gas mixture is produced through gasification of the coal at high pressure with oxygen. After cleaning, the syngas is burned in the gas turbine and the exhaust gases are sent to the steam cycle. CO2 removal from IGCC systems entails the addition of a shift converter unit (to convert the syngas into CO2 and H2) and/or a CO2 separation and compression unit. The net power efficiency of conventional combined cycles without CO2 capture is approximately 58% 10 using natural gas and 40-42% 12,13 using coal.
Carbon capture by means of chemical absorption from the flue gases of the NGCC reduces the net plant efficiency and power output of the NGCC systems by about 10%. 15 The efficiency of IGCC with pre-combustion decarbonization by physical absorption decreases the efficiency of the plant to 35%. 16 To reduce the energy expenditure of the CO2 capture step, CLC can be used in these combined cycle plants. 8 One of the challenges in the commercialization of CLC technology is the integration of the CLC reactor with an existing power plant, from the process design perspective. The CLC unit can be integrated with a combined cycle by replacing the combustor of the gas turbine. In conventional syngas-fed and natural gas-fed gas turbines, the gas turbine pressure ratio is in the range of 10-20 with turbine inlet temperatures of 1100-1300°C. 15, 17, 18 The thermal efficiency of the gas turbine increases with the inlet temperature and pressure, 19 which also benefits the steam cycle because the gas exiting the gas turbine is at higher temperatures. Therefore, CLC needs to be operated at elevated pressures, if integrated in a combined cycle power plant. From the efficiency perspective, the pressure drop across the CLC reactor should be low (ΔP/P<8%), 20 in order to conserve the energy spent in gas compression. In summary, high-pressure operation with low pressure drop is a requirement for high efficiency CLC integrated with a combined cycle.
The high-pressure requirement imposes constraints in the design and cycling sequence of CLC reactors. The most widely recognized design for CLC consists of interconnected fluidized bed reactors. 8, 21 In this configuration, the solid oxygen carrier is physically transported between the so-called air and fuel reactors. This concept was successfully demonstrated in different prototypes with various oxygen carriers at atmospheric pressure. [22] [23] [24] [25] [26] [27] [28] [29] [30] The high-pressure fluidized bed concept is still under development, [31] [32] [33] due to the technical difficulties in gas/solid separations and the inherent challenges in achieving stable circulation of solids. Additionally, a high temperature and high pressure solids filtering system is required to remove the fines that result from the unavoidable particle attrition in fluidized bed systems. 34 The presence of particles in the outlet stream can negatively impact the performance of the gas turbine, as well as damage the thermal-barrier coatings on the surfaces of the gas turbine. 35 Alternatively, the fixed bed reactor configuration appears as a more practical option to accomplish high-pressure CLC. This concept was studied in several works for power generation and hydrogen production. 34, [36] [37] [38] [39] [40] [41] [42] In the fixed bed design, the gas/solid separation problem is inherently avoided and no fines are sent to the gas turbine. The control and operation of fixed bed reactors under high-pressure operation is more straightforward than in the fluidized bed design. Due to its simplicity, the fixed bed design concept might serve well as an intermediate-scale technology deployment option for CLC.
In principle, the fixed bed CLC system is a batch process (Figure 1) , that dynamically switches between consecutive reduction, oxidation, and heat removal phases. During the reduction phase, a hydrocarbon fuel is oxidized into CO2 and steam, by reduction of the oxygen carrier.
The reactor is briefly purged with an inert gas and the gas flow is switched to air to commence the oxidation step. Regeneration of the oxygen carrier is exothermic and produces a hot gas stream, which can be converted to electricity in a combined cycle power plant. Typically, oxidation and heat removal occur in succession without change of input parameters. In this cyclic process, the conversion and temperature profiles of the previous cycle influence the performance of the next. This, in addition to the effect of temperature on the oxygen carrier reactivity, impacts the switching scheme of the CLC process.
Conventional approaches to optimization of power plants aim at increasing efficiency during full load and partial-load plant operation and determining procedures to reduce start-up time, while keeping mechanical and thermal stress under control. [43] [44] [45] [46] [47] [48] The aim of this work is to showcase a model-based approach to optimally design and control such a batch process for power generation applications. We explore high-pressure fixed bed CLC reactors as a case study for this approach, where the process is heavily constrained in terms of performance and heat management. First, we discuss the formulation of a dynamic optimization problem for this batch heat generation process. The conditions of the CLC reactor that allow for seamless integration with a combined cycle are expressed as process constraints within the optimization problem. Optimal cycle strategies for fixed bed CLC with methane and syngas are presented and compared against a baseline design. We assess the feasibility of batch CLC processes utilizing synthetic Cu and Ni oxygen carriers, due to the availability of their kinetic data at high-pressure and their intrinsic differences in melting points, both of which impact the CLC performance and the efficiency of the power plant. The CLC process is evaluated on the basis of its compatibility with the combined cycle power plant, at different temperature set-points to feed the downstream gas turbine. Finally, the operation of a system of a series of fixed bed reactors working in parallel is calculated for a full-scale power plant. 
CLC reactor
Problem formulation 2.1. Process description
The CLC cycle in a batch fixed bed reactor consists of reduction, oxidation, and heat removal steps. To control this transient switching, a practical approach is to use the temperature and gas selectivity measurements of the exhaust stream to decide when to alternate the gas flow, 37 as shown in Figure 1 . Figure 1 is not a real and complete controls diagram, but an illustration of a conceptual design strategy. In this strategy, the reduction cycle is stopped when: (a) fuel slip is detected or (b) the CO2 capture efficiency is too low. Then the reactor switches to purging mode.
After a brief purge, the oxidation cycle is initiated by feeding air into the reactor. When the front of the heat generated by the exothermic oxidation reaction reaches the reactor exit, the temperature of the exhaust stream rises and the exhaust gas is sent to the gas turbine. This is the heat removal stage and proceeds until the exhaust temperature reaches a temperature that is too low for the gas turbine. Some of the heat generated in the oxidation step is left in the bed and produces a moderate-temperature gas that can be used for heat recovery within the plant. After this, the reactor is purged and the cycle returns to the reduction step.
Temperature fluctuations occur in the reactor exhaust stream during the transient heat removal stage, which can negatively impact the operation of a downstream gas turbine. In particular, changes in turbine temperature can lead to thermal/mechanical cycling stress and differential expansion between stationary and rotating parts. 40, 49 Both phenomena cause fatigue damage and reduce the lifetime of the turbine if they are not properly handled. Therefore, adequate heat management of the CLC reactor is needed for the gas turbine to operate efficiently and safely. In addition, it is best to maximize the solid conversion in the reduction and oxidation cycles to fully utilize the oxygen carrier, while maintaining high CO2 capture efficiency. Due to these strict requirements and constraints, the design and operation of the batch CLC reactor is complex and requires a formal methodology that ensures system safety and reliability. In the following section, we propose a generic model-based formulation for the design and tuning of the switching strategy, with the objective of seamlessly integrating CLC into a combined cycle power plant.
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Optimization problem formulation
The unit operations for the batch reactor are formulated as an optimal control problem, with the objective of maximizing the energy extracted from the CLC reactor to produce a gas steam suitable for power generation in the gas turbine. The control variables considered in this study are the flow rate and temperature of the feed air, time interval for the reduction, oxidation, and heat removal steps, and loading of the metal oxide in the oxygen carrier, listed in Table 1 .
Overall, this is a first-level exploratory work focused on the optimality of operation from the safety and turbine stability perspective. For a given reactor size and specific turbine inlet temperature, TIT, we explore the feasibility of operating a fixed bed CLC upstream a gas turbine, by manipulating all the controls available in Table 1 . The composition of the feed gas is fixed to fuel during reduction (100% CH4 or a syngas mixture), N2 during purge and air during oxidation and heat removal. The control profile for the feed gas is modeled with piecewise constant functions, represented as   τ ii  uu , where u is the vector of temperature, flow, and composition of the gas stream and i is the index for the CLC step, i.e., reduction, purge, oxidation, and heat removal. The duration for reduction, oxidation, and heat removal is τ i and is considered as a control variable. The metal oxide content in the oxygen carrier, ω , is a timeinvariant control variable, which can be tuned to achieve different exhaust temperatures during heat removal. The set of control variables is summarized in the design vector,  , shown in Eq.(1), which is constrained by upper and lower limits permitted in the design space, Φ :
8 The objective of the presented problem is to increase the efficiency of the combined cycle by manipulating the design and operating variables of the fixed bed CLC reactor. Since the gas turbine contributes to over 60% of the power of a combined cycle power plant, 20 the goal of this work is to make the heat removal phase of the CLC reactor as long as possible, so that the gas turbine has the maximum thermal input. The objective function to be maximized is the timeintegral of the temperature of the exhaust gas stream produced during heat removal,
HR out
Tt .
This can be interpreted as maximizing the time interval in which a high-temperature gas is generated for electricity production in the gas turbine. A normalization factor is used in the objective, 1 273.15 α  . The temperature of the exhaust gas during the heat removal phase should be at or very close to a desired reference value of the turbine inlet temperature, TIT. To ensure that the TIT fluctuations are not significant, we impose an inequality path constraint on   ,
Tt to not exceed  50°C of the TIT set-point. In this work, we consider two TIT set-points for the optimization study. While the state-of-the-art heavy-duty gas turbines can handle TIT values up to 1400°C, 17, 50, 51 the CLC reactor can realistically operate at 800-1200°C, to prevent thermal damage of the oxygen carrier. [52] [53] [54] [55] The temperature of the reactor always needs to be maintained below the melting or sintering points of the oxygen carrier,
max
T . An inequality constraint is, thus, incorporated, where the temperature inside the reactor at any time and point must be less than 50°C below the melting point of the oxygen carrier,   , 50
CLC reactor during reduction also needs to achieve an acceptable level of performance in terms of emissions control. We impose inequality constraints during the reduction cycle to ensure that the process always behaves within commonly acceptable standards of fuel conversion
. 13, 16, 56 The pressure drop across the reactor must be below 8% of the inlet pressure, 57 to avoid excess pressure losses
These process constraints reflect the basic requirements of the CLC reactor according to the 
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CO
St are the time-integrated fuel conversion and CO 2 selectivity, respectively as:
As shown in Eq.(2), the batch reactor is represented by a system of differential and algebraic equations, f, where   t x is the vector of state variables (i.e., mass, temperature, and pressure), and θ is the system parameters, including the kinetic constants, describing the reactivity of the oxygen carriers. The temperature measurement   , T HR out t is a function h of the state variables,
The underlying physics of the fixed bed CLC reactor is described by a heterogeneous reactor model presented previously. 58, 59 The model incorporates the conservation equations of mass, energy, and momentum through the axial space of the fixed bed reactor. The dusty-gas diffusion model is used to capture the concentrated gas flows and internal diffusion limitations through oxygen carrier particles. External mass and heat transfer resistance is considered at the particle surface. In previous work, Zhou et al. [60] [61] [62] proposed a set of reaction kinetics for Cu-and Ni-based oxygen carriers, capable of predicting atmospheric fixed bed experiments reported in the open literature. We utilized optimal experimental design methods to statistically verify the CLC kinetic models and in turn, maximize the fidelity of the kinetic model to predict data outside of its design space. 63, 64 We performed high-pressure fixed bed experiments with Cu-and Ni-based oxygen carriers and matched the data using an empirical pressure correlation 65 and the optimized kinetic models derived at atmospheric pressure. 66 Thus, we can conclude that the reactor and kinetic models used here are realistic and accurate enough for depiction of the large-scale fixed bed systems analyzed here. The mathematical model was developed and solved using the commercial software package gPROMS. 67 The complete mathematical model including the mass, energy and momentum balances, as well as the reaction kinetics and constants used in this work, are provided in the Supplementary Information.
The partial differential equations of the dynamic model were solved by discretizing the spatial axial and radial coordinates using finite differences. The resulting set of differential and algebraic equations was solved with the non-linear solver, DASOLV. 68 The control vector parameterization technique with single-shooting algorithm (CVP_SS) was used to solve the nonlinear optimization program. The control variables were discretized as piecewise constant and/or linear functions of time over a finite set of time intervals. The control vector parameterization method is better suited for the problem presented in this paper (over collocation methods, for instance) because only the control trajectory is parameterized, which reduces the optimization problem of this large-scale system of equations to a manageable parameter space. 48 
Dynamic simulation of a nominal design
In this section, we describe the performance of a reactor with a nominal design, in order to establish a basis of comparison with the optimal solution determined from Eq.(2). For simplicity, we utilize the reactor design and operating conditions proposed by Spallina et al. 57 for CLC of syngas with an ilmenite oxygen carrier. The goal of this section is not to optimize the reactor design, but to illustrate a baseline performance with process conditions proposed in the literature for a large-scale fixed bed process. It is possible that this reactor design is sub-optimal for CLC with CuO and NiO oxygen carriers, but the focus here is on the optimality of operation and not the reactor design.
The design variables that are consistent with Spallina et al. 57 are the following: reactor size, operating pressure, flow rate and composition of the syngas fuel, air, and purge streams, and oxygen carrier particle size and porosity. Spallina et al. 57 used different preheat temperatures for the air, purge, and fuel gases. For simplicity, all gases are preheated to one average temperature of 450°C. We expanded the scope of their study to consider CLC with CH4, for which we used a higher air temperature (600°C) and decreased the fuel flow rate to 10% of the syngas flow rate.
The higher air temperature was chosen in order for the reduction cycle to commence over a hotter bed, to favor complete conversion of the CH4 to CO2 and H2O. The methane flow rate was chosen based on the work of Noorman et al., 69 who investigated various reducing fuels over similar reactor configurations. The metal oxide loading for both oxygen carriers were set to 20 wt.% ( Table 2 ) as a starting point for this analysis. Tables 2-3 summarize the nominal design parameters and operating variables used to establish a baseline performance of the fixed bed processes. The performance of the fixed bed reactor of CO St  ; (2) switch to inert gas and purge the system for 300s, (3) feed air to oxidize the solids and produce a suitable gas for power generation, and (4) switch to purging mode when the reactor exhaust reaches the temperature set-point (Tsp=800°C for syngas-fed and Tsp=900°C for methane-fed processes). These steps are repeated for multiple redox cycles to achieve a cyclic steady-state, where the temperature and the maximum temperature reached in the fixed bed process is dependent on the oxygen carrier material and fuel type. In Figure 3 , the system overshoots the set-point and in Figures 2, 4 , and 5, the system undershoots. The results shown here are used to illustrate the performance of a fixed bed process under a nominal design and operating conditions. When oxidation is started, energy is released from the exothermic reactions and the bed temperature increases. As air is continually fed to the reactor, the heat front travels axially through the bed and the cycle switches to heat removal when the exhaust temperature is high enough to feed a downstream gas turbine (Figures 2(a) and 2(b) ). The progression of the heat front can be seen in Figure 2(a) , by the location of the high temperature zones at the end of oxidation and at the end of heat removal. The exhaust temperature during the heat removal phase is relatively constant and flat during HR-1 and then steadily decreases during HR-2 (Figure 2(b) ), because of the temperature profile inside the bed produced from the oxidation phase (Figure 2(a) ). The exit gas concentration during oxidation is predominantly composed of N2 with some unreacted O2 (Figure 2(c) ). The bed is completely regenerated at the end of the oxidation cycle, as inlet feed concentrations of the air are detected at the reactor exit ( Figure   2(c) ). After a brief purge, the cycle switches to reduction. The reduction of CuO by syngas is exothermic and increases the internal bed temperature, which is shown in Figure 2 (a) by comparing the temperature distribution at the end of heat removal (HR-2) with the distribution at the end of reduction. The exhaust temperature during reduction first decreases (Figure 2(b) ), because the residual low-temperature heat from the previous heat removal step (Figure 2(a) ) is being pushed out of the reactor. When the heat front from the reduction reactions reaches the exit of the reactor, the exhaust temperature increases (Figure 2(b) ). The gas composition of the reduction exhaust is mostly H2O and CO2, with some minor slip of unconverted fuel occurring at the end of the reduction (Figure 2(c) ). Table 3 .
The dynamic behavior of the fixed bed reactor with the NiO oxygen carrier and syngas fuel is presented in Figure 3 . In this process, the reduction step is less exothermic than with the CuO oxygen carrier, indicated by the lower temperatures inside the reactor at the end of reduction (Figure 3(a) ). The exhaust gas during reduction, thus, exhibits smaller temperature fluctuations (Figure 3(b) ) as compared to Figure 2(b) . During the reduction phase, complete conversion of the fuel is achieved with minor release of H2 and CO (Figure 3(c) ). After oxidation, the bed temperature is elevated (Figure 3(a) ) and a high-temperature gas is produced for heat removal (Figure 3(b) ). The main heat removal phase is relatively longer in this process (Figure 3(b) ), as compared to Figure 2(b) ). This can be explained by the greater uniformity in bed temperature at the end of oxidation (Figure 3(a) ), allowing for the heat removal stage to the gas turbine (HR-1)
to proceed for longer times (Figure 3(b) ).
Figure 3:
Profiles of the (a) internal solid temperature, (b) exit gas temperature and (c) exit gas composition of the CLC reactor with the NiO oxygen carrier and syngas fuel. The reactor design is reported in Table 3 .
The performance of the fixed bed reactor under CuO reduction with methane is shown in Figure 4 . When CH4 is sent to the reactor, the entrance of the reactor is the first to be reduced.
The reduced bed gets cooled down (Figure 4(a) ) due to the endothermicity of the reduction reactions. The reduction of CuO by CH4 produces partial combustion products (H2 and CO), 62 which travel through the bed and get oxidized by the fresh oxygen carrier, liberating heat. Thus, the interior and exit regions of the reactor at the end of the reduction are warmer than at the end of heat removal, shown in Figure 4(a) . The temperature of the exhaust gas first decreases and then increases during reduction (Figure 4(b) ). The temperature decrease (Figure 4(b) ) is caused from the low-temperature heat front leaving the reactor and simultaneous cooling from the reduction reactions. Midway through reduction, temperature of the exhaust gas rises (Figure   4(b) ) because the reactor gets warmed up from the oxidation of H2 and CO inside the bed. At the exit of the reactor, only CO2 and H2O are observed during reduction (Figure 4(c) ), indicating complete conversion of the fuel. The subsequent oxidation and heat removal stages follow similar patterns as described in Figures 2-3 . At the end of oxidation, a high-temperature zone is formed inside the bed (Figure 4(a) ), suitable for heat removal. The bed temperature near the reactor entrance slightly drops below the temperature of the inlet air at the end of oxidation (Figure 4(a) ). The entrance was not fully reduced because of the slower reduction kinetics of CuO by CH4 as opposed to syngas and the cooling effect of purge prior to reduction. Thus, less heat was liberated during oxidation and the feed of warm air slowly increases the temperature of the reactor entrance.
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Figure 4:
Profiles of the (a) internal solid temperature, (b) exit gas temperature and (c) exit gas composition of the CLC reactor with the CuO oxygen carrier and methane fuel. The reactor design is reported in Table 3 . Figure 5 presents the dynamic performance of the NiO oxygen carrier with methane fuel. Figure 4(a) , the reduction of the NiO by CH4 is endothermic and decreases the temperature of the reactor (Figure 5(a) ) as the conversion front moves through the bed. As a result, the temperature of the exhaust gas stream decreases over time during reduction and subsequent purge ( Figure 5(b) ). The effluents of the reduction step are mostly CO2 and H2O, with a small amount of fuel slip occurring at the end of reduction (Figure 5(c) ). During the oxidation cycle, heat is liberated by the exothermic reactions and a high-temperature zone is formed inside the reactor bed ( Figure 5(a) ). At the end of oxidation, the oxygen carrier is regenerated, indicated by the unconverted air leaving the reactor (Figure 5(c) ), and the temperature of the exhaust gas is within 50°C of the TIT set-point ( Figure 5(b) ). The exhaust gas during heat removal exhibits a high temperature drop, restricting energy extraction to the gas turbine to ~50% of the total heat removal time Figure 5(b) ).
Similar to
Figure 5:
Profiles of the (a) internal solid temperature, (b) exit gas temperature, and (c) exit gas composition of the CLC reactor with the NiO oxygen carrier and methane fuel. The reactor design is reported in Table 3 .
Figures 2-5 are representative of cycle strategies to conduct CLC in a large-scale fixed bed reactor. The issue with these nominal designs is the exit gas temperature and its fluctuations during the heat removal phase, which is not suitable for a downstream gas turbine. To find the optimal heat management strategy, we solve the optimization problem of Section 2.2 for the reactor configurations of Table 3 .
Results and discussion 4.1. Optimal fixed bed operation for CLC
The challenge in solving the optimization problem formulated in Section 2.2 is that the conversion and temperature profiles from the previous cycle impact the performance of the next cycles and it typically takes 2-3 cycles for the system to reach a cyclic steady-state condition after modifying the cycle strategy. Thus, the optimization procedure needs to be carried out for several redox cycles and the optimal cycle strategy should be extracted from the last cycle. In this analysis, we first initialize all state variables at the end of the heat removal phase of the nominal design point (shown in Figures 2-5 ) and perform the optimization procedure for 3 redox cycles. For each oxygen carrier, we consider two set-points for the turbine inlet temperature (TIT), being: 1100°C and 1000°C for NiO and 1000°C and 900°C for CuO. These reference values are exemplary of the existing, commercial gas turbines offered by Siemens 70, 71 and GE. [72] [73] [74] As mentioned, smaller TITs are required in CLC to protect the oxygen carrier from sintering or agglomeration. The results of this optimization are presented in Figures 6-7 for the CuO oxygen carrier and in Figures 8-9 for the NiO oxygen carrier. Figures 6-9 showcase the optimal fixed bed performance with the low TIT set-point and in Figures SI.1-4 of the Supplementary Information we present the performance with the high TIT-set-point. For brevity, we will focus our discussion on Figures 6-9 . The optimal operating strategies are presented in Table 4 . Figure 6 presents the optimal fixed bed performance with the Cu-based oxygen carrier and syngas fuel. With the TIT set-point of 900°C, the optimal configuration achieves a lower temperature rise during oxidation (Figure 6(a) ), compared to the nominal design (Figure 2(a) ).
This was accomplished by using a reduced CuO loading. Shown in Figure 6(b) , the temperature of the gas steam starts below the TIT set-point at the start of heat removal to the gas turbine
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(HR-1), rises above the set-point, and then drops below the set-point at the end of HR-1. On average, the exhaust temperature with the optimal operating conditions is above the TIT setpoint but within the 50°C variation allowed by Eq.(2). In the nominal design, the exhaust temperature during heat removal is always below the TIT set-point (Figure 2(b) ). Another benefit with the optimal cycle strategy is the longer time interval to remove heat to the gas turbine (HR-1), from comparing The optimal performance of the fixed bed reactor with the CuO oxygen carrier and methane is shown in Figure 7 . Similar to the syngas-fed process, the optimizer reduced the CuO loading to achieve the turbine inlet temperature (TIT) set-point of 900°C. The air preheat temperature was increased, to improve the fuel conversion in the subsequent reduction step. The heat removal
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stage proceeds for longer times in the optimal design (Figures 7(b) and 7(c) ) as compared to the nominal design (Figures 4(b) and 4(c) ). Additionally, the temperature fluctuations of the reduction exhaust are suppressed in the optimal configuration (Figure 7(b) ), which is the result of the better temperature uniformity inside the bed at the end of heat removal (Figure 7(a) ). The gas selectivity profile (Figure 7(c)) shows that during the reduction step, the methane feed is completely converted to CO2 and H2O (Figure 7(c) ). During the oxidation cycle, no significant carbon oxides are released (Figure 7(c) ), indicating that carbon formation was minor during the reduction step. A low-temperature zone is exhibited near the reactor entrance at the end of oxidation (Figure 7(a) ), due to the locally incomplete conversion of solids in the previous reduction step, whereas the reactor entrance reaches the inlet gas temperature.
Figure 7:
Profiles of the (a) internal solid temperature, (b) exit gas temperature, and (c) exit gas composition of the optimal operating strategy with the CuO oxygen carrier and methane fuel, for a turbine inlet temperature (TIT) set-point of 900°C.
Figure 8:
Profiles of the (a) internal solid temperature, (b) exit gas temperature, and (c) exit gas composition of the optimal operating strategy with the NiO oxygen carrier and syngas fuel, for a turbine inlet temperature (TIT) set-point of 1000°C. Figure 8 shows the optimal performance for the NiO oxygen carrier with syngas fuel. The heat removal stage to the gas turbine was maximized to an extent that it was no longer necessary to consider a secondary heat removal step (HR-2). Instead only a purging step is shown in Figure   8(b)-(c) , in between the HR-1 and reduction phase. Shown in Figure 8(b) , the gas temperature during heat removal satisfies the requirements for the gas turbine. This can increase the energy efficiency of the combined cycle power plant by sending more heat to the gas turbine. The reason for the better heat removal efficiency is the more uniform temperature distribution inside the reactor at the end of the oxidation step (Figure 8(a) ), providing a flat temperature profile for the exhaust stream (Figure 8(b) ). After heat removal, the bed temperatures are higher in the optimal design (Figure 8(a) ) compared to the nominal design (Figure 3(a) ). This provides more heat for the reduction step and improves the conversion of the bed. The changes in the reduction cycle between the optimal and nominal designs can be seen by the higher temperature of the exhaust gas (Figures 8(b) and 3(b) ) and that of the solids at the end of the reduction step (Figures 8(a) and 3(a) ). The gas selectivity during reduction (Figure 8(c) ) follows the same behavior as the nominal design (Figure 3(c) ), satisfying the constraints of Eq.(2).
Figure 9:
Profiles of the (a) internal solid temperature, (b) exit gas temperature, and (c) exit gas composition of the optimal operating strategy with the NiO oxygen carrier and methane fuel, for a turbine inlet temperature (TIT) set-point of 1000°C.
For the reduction of NiO by methane, the optimal cycle configuration maximizes the heat removal step to the gas turbine and eliminates the HR-2 step entirely, as shown in Figure 9 . The gas temperature during the heat removal step (Figure 9(b) ) is on average higher than the turbine inlet temperature (TIT) set-point of 1000°C. This is mainly due to increasing the NiO loading, which favors a higher temperature rise inside the reactor after oxidation (Figure 9(a) ).
The reduction reaction for the NiO-CH4 is highly endothermic and the kinetics is sensitive to the reaction temperature. Thus, the optimizer switches to reduction at a higher bed temperature (Figure 9(a) ), compared to the nominal design (Figure 5(a) ). More of the bed is able to be reduced and the gas selectivity (Figure 9(c) ) indicates that the methane feed is fully oxidized.
The reduction gas stream leaves the reactor at higher temperatures (Figure 9(b) ) compared to the nominal design ( Figure 5(b) ).
Comparison of the cycle strategies
We define three metrics to calculate the heat removal efficiency achieved with the optimal and nominal cycle strategies. The energy efficiency of the heat removal step, HR η , was expressed as a ratio of the enthalpy of the high temperature gas stream for the gas turbine to the total enthalpy of one complete cycle: (Figures 2-5) . The CLC reactors with the optimal cycle strategies have higher values of HR η for all the studied oxygen carriers, fuel types, and turbine inlet temperatures, indicating that more of the heat from the CLC reactions can be efficiently converted into electricity. The actual efficiency of the process can be higher because the remaining heat will be recovered in the steam cycle, but this was not considered in the present study. The standard deviation of the heat removal gas, HR σ , is higher in the optimal designs.
This can be interpreted as consequence of removing more heat to the gas turbine. Nonetheless, the maximum temperature change of the exhaust gas during the heat removal phase is within the constraints of the problem. For a process to have smaller temperature fluctuations, the corresponding constraint can be adjusted to be tighter in the optimization problem. To maximize the energy efficiency of the gas turbine, the duration of the heat removal phase of the reactor was increased. Shown in Table 5 , higher values of HR χ were obtained for the optimized cases. Overall, dynamic optimization of the cyclic fixed bed operation increased the energy efficiency of the reactor while satisfying operating constraints.
A critical design variable that dictates the temperature rise during oxidation is metal loading in the oxygen carrier. 36 High metal loadings are desired for better bed utilization and process capacity. However, the process is also heavily constrained by the maximum temperature that can occur inside the reactor at any point and time. Oxygen carriers that have high carrying capacity and high oxidation enthalpy, such as NiO and CuO, are limited in the amount of active metal that they can use without undesirable hot spots. 34 The use of large particles can actually lower the extrema of the temperature fluctuations, by decreasing the reaction rates due to the intraparticle diffusion resistance. 58, 59 In this analysis, we found that as the TIT set-point increases, the maximum allowed metal oxide content increases ( Table 4) . To reach the same TIT set-point, a higher loading of CuO was needed as compared to NiO because of the higher heat of reaction of Ni ( Table 4) . There was also an effect of the fuel type on the optimal metal loading, for the same TIT values and materials. We found that CLC with methane can operate at higher loadings of CuO and NiO than CLC with syngas (Table 4) , which can be the result of a higher diffusion resistance associated with CH4 oxidation reactions and their slower kinetics.
In addition to optimizing the TIT value, the impact of the heat removal phase on the overall process efficiency is also a function of cycle duration of each CLC step. During heat removal, the total enthalpy of gas sent to the gas turbine can be increased by converting more of the oxygen carrier in the preceding reduction cycle. Hence, the exothermic reaction rate is higher and more heat is transferred to the heat removal gas. As discussed previously, the reduction cycle is highly constrained by the requirements in CO2 capture efficiency and fuel conversion. If the reduction period continues for too long, solid carbon accumulates over the oxygen carrier, as shown in the work of Zhou et al. 75 and Nordness et al. 76 Combustion of the solid carbon in the subsequent oxidation step produces temperature gradients inside the bed (for example, Figure   2 (a)), resulting in unfavorable temperature fluctuations in the exhaust stream. The optimal cycle configuration shortens the secondary heat removal phase (HR-2) and manipulates the air temperature, so that reduction step occurs over a slightly hotter bed and a higher conversion can be obtained. It strikes a balance between the endothermicity and exothermicity of the CLC reactions to maximize the heat removal. By solving the dynamic optimization problem for the fixed bed CLC operation, we can find the optimal flow conditions and cycle times that maximize temperature uniformity, while maintaining high fuel combustion efficiency. The results show that despite the inherent reactor dynamics, the fixed bed system is a promising option for power generation in gas turbine-based power cycles.
Dynamics of the CLC reactor network
The next step of the analysis is to illustrate the scale-up of the CLC reactors for integration with a power plant operating in continuous mode. We are interested in exploring how the dynamics of the each reactor will affect the downstream power plant components. We followed the procedure by Spallina et al. 57 to devise an operation strategy for a series of fixed bed reactors operated in parallel. According to Spallina et al., 57 the sequence is based on running the reactors with a phase displacement, ζ , equaling 1/3 of the time to compete the reduction step. The total number of reactors for the system is calculated from / cycle τζ , to provide a constant input of fuel to the CLC reactor network. The performance of each reactor is based on the numerical results described in the preceding sections. The gas streams are mixed downstream of the reactors, 29 assuming ideal gas behavior, into combined streams of CO2/H2O from reduction, N2/O2 from oxidation, and air from heat removal. These streams define the inputs to the power plant components, downstream of the CLC block.
Figure 10: Gas temperature of the mixed gas streams leaving the system of fixed bed reactors for the (a) CuO process with syngas fuel and (b) NiO process with methane fuel.
We calculated a sequence of operation for the reactor systems with CuO and NiO oxygen carriers and syngas and methane reducing fuels and evaluated the behavior of the mixed streams leaving the reactor system. For brevity, we present the results for two dissimilar process operations: the CuO reactor with syngas fuel at the TIT set-point of 900°C (Figure 10(a) ) and the NiO reactor with methane fuel at the TIT set-point of 1000°C (Figure 10(b) ). The performance of the reactors of Figure 10 is evaluated over their optimal cycle strategies. As shown, the system generates a time-varying temperature profile for the mixed gas streams, as a result of the dynamic operation of each fixed bed reactor. The gas turbine receives a high-temperature gas that has practically no temperature fluctuations (Figures 10(a) and 10(b) ). The temperature fluctuations of the other gas streams are ~50°C or less. This illustrates that even though the temperature change experienced in each reactor is severe (around 500°C), running multiple reactors in parallel helps to equalize the temperature fluctuations so the power plant sees a more stable stream input. The extent of gas temperature fluctuations to the steam turbine can be reduced by use of an accumulator tank downstream the reactors to further mix the gases for a more uniform temperature profile.
To assess the feasibility of the fixed bed system, we discuss possible heat recovery opportunities for the lower-quality heat streams downstream the CLC reactors. As mentioned by Hamers et al., 38 preheating the syngas fuel before feeding the CLC reactors can be performed by cooling the CO2/H2O stream, which leaves the reactor at higher temperatures and mass flow rates compared to the inlet syngas. The depleted air stream produced from oxidation can be used to supplement the air stream used for heat removal to the gas turbine. 20 The temperature of the gas turbine exhaust is approximately 500-600°C, 74 which provides the temperature differential to preheat the air stream, leaving the compressor at 450°C, 20 before feeding the CLC reactors. To meet higher preheat temperature for the air, such as that shown in Figure 10(b) , the process can utilize the higher temperature gas streams, such as the reduction exhaust and a portion of the heat removal gas, noting that this would reduce the process efficiency. Preheating the inert gas for the purging steps is not expected to be a problematic, because the N2 is recycled through the system and can be used to preheat itself. From a qualitative point of view, the fixed bed reactor system optimized in this work shows promise for integrating into a combined cycle power plant. In a subsequent work we demonstrate the application of this optimization-based approach to advanced fixed bed reactor concepts of CLC systems, 77 as well as integrated chemical-looping combined plant optimization. 78 
Conclusions
This work explored the optimality in integration of high-pressure fixed bed CLC reactors with combined cycle systems for power generation. One of most challenging aspects of the fixed bed process is the dynamic cycling between redox reactions and the resulting temperature fluctuations. This work formulated and solved a dynamic optimization problem to find operation strategies that enable the integration of the batch and transient operating profiles of fixed bed CLC reactors with the requirements for constancy and disturbance rejection of gas turbines. The results of this approach showed that fixed bed CLC reactors can provide a stable, high-temperature and high-pressure gas that is suitable for a downstream gas turbine, while accomplishing performance constraints in the reduction and oxidation cycles. The study focused on two synthetic oxygen carriers, two different gaseous fuels, and two set-points for the turbine inlet temperature. At the optimal conditions, the fixed bed reactor operates in its heat removal stage with a relatively flat exhaust gas temperature profile consistent with the requirements of the gas turbine of a combined cycle power plant. The oxygen carrier conversion during the reduction cycle was maximized, in order to generate a high-temperature gas stream to feed the gas turbine for longer periods. Optimization of the cycle strategy allowed for the fixed bed process to reach higher energy efficiencies than a baseline design. We extended the analysis to consider a system of reactors for an integrated large-scale power plant. The combination of multiple reactors decreased the temperature fluctuations of the gas streams sent to the power plant units. The drawbacks of this process are the high temperature variations inside the CLC bed between the redox cycles, the dynamic switching of reactors to achieve continuous operation for the power plant, and the corresponding need for high-temperature valves.
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